ABSTRACT Galerucella calmariensis L. is a leaf-feeding beetle introduced into North America for biological control of purple loosestrife, Lythrum salicaria L. It is well known that existing natural enemy communities can reduce herbivore establishment and limit their impacts as weed biocontrol agents. Although such biotic interference can often initially be avoided through inundative releases or use of exclusion cages, successful biological control of L. salicaria will ultimately rest on natural colonization of new host patches. The objectives of this study were: 1) identify potential arthropod predators in Michigan wetlands; 2) test predator propensity to attack G. calmariensis; and 3) assess importance of biotic interference by simulating G. calmariensis colonization in wetland habitats. Field surveys showed that Coleomegilla maculata De Geer, Coccinella septempunctata L., and Harmonia axyridis L. (Coleoptera: Coccinellidae) were most abundant potential predators of G. calmariensis, followed by Pterostichus melanarius Illiger (Coleoptera: Carabidae) and Podisus maculiventris Say (Hemiptera: Pentatomidae). In laboratory tests, 24-h attack rates on eggs and larvae ranged from 10 to 100%, with C. maculata and Forficula auricularia L. consuming the greatest number of G. calmariensis. Increasingly realistic laboratory trials demonstrated that several predators effectively located and consumed immature stages of G. calmariensis under more complex conditions. In the Þeld study, predator abundance and attack rates were low, ranging from 0.63 to 1.63 egg masses consumed (10 Ð27%). Survival of individuals to the adult stage in caged (53Ð90%) versus open treatments (24 Ð 42%) revealed a signiÞcant effect of predation. However, even the lowest survival rate observed is probably adequate to ensure effective colonization. We conclude that predation can signiÞcantly reduce G. calmariensis population increase in the Þeld, but is unlikely to prevent establishment and spread under the conditions studied.
NATURAL ENEMIES OF HERBIVOROUS insects can reduce population size or even induce localized extinctions of herbivore populations (Hawkins et al. 1997) . It has been widely suggested that such biotic interference may contribute to limiting establishment and success of some weed biological control agents, although empirical evidence is more limited (Goeden and Louda 1976) . While importation and quarantine procedures are designed to reduce introduction of a weed biocontrol agents own predators, parasites or pathogens (Fischer and André s 1999, Goeden and André s 1999) biocontrol agent performance can be limited by previously introduced or native natural enemies (Reimer 1988 , Pratt et al. 2003 .
Lythrum salicaria L. (purple loosestrife) is an invasive perennial plant of wetland habitats that is widely established in the United States and Canada (Thompson et al. 1987) . As part of a biological control program targeting L. salicaria, the leaf-feeding beetles Galerucella calmariensis L. and G. pusilla Duft. (Coleoptera: Chrysomelidae) have been extensively distributed in North America (Hight et al. 1995) . From the outset, scientists involved in this importation biological control program recognized that predators, parasitoids, or pathogens might limit establishment of Galerucella spp. in the new environment (Malecki et al. 1993) . Prerelease studies on a related native species G. nymphae showed that the lady beetle Coleomegilla maculata DeGeer and other predators consumed Ϸ20% of available eggs (Nechols et al. 1996) , and in postrelease studies, Diehl et al. (1997) observed pentatomids and coccinellids attacking G. calmariensis and G. pusilla. The successful establishment of both Galerucella spp. in many locations throughout North America (Blossey et al. 2001 ) and reports of signiÞcant impacts on L. salicaria (Blossey and Skinner 1999 , Landis et al. 2003 , Lindgren 2003 indicate that such biotic interference may be overcome by large releases of Galerucella spp. or by initial caging to exclude predators. However, the ultimate success of L. salicaria biological control will depend on the unassisted spread of these beetles to new host patches. The successful establishment of these small colonizing populations will depend in part on their ability to overcome natural losses caused by predation.
Galerucella spp. beetles have been shown to locate L. salicaria at distances up to 1,000 m, and once within the host habitat, are capable of locating conspeciÞcs and forming local aggregations (Grevstad and Herzig 1997) . Successfully mated females oviposit, and the resulting larvae must survive to adulthood to colonize the patch. Wiebe and Obrycki (2002) found that Chrysoperla carnea (Stephens) and C. maculata, both common generalist predators in Iowa wetlands, consumed and could complete development on G. pusilla eggs. They suggested that predation may partially explain the low populations of G. pusilla observed in some Iowa wetlands. In greenhouse trials, C. maculata fed on eggs and late larval stages of G. calmariensis caged on L. salicaria, signiÞcantly reducing adult emergence, but not initial tip damage (M. Smolow and D.A.L., unpublished data). Sebolt and Landis (2002) subsequently showed that neonate and Þrst instar G. calmariensis larvae can avoid predation by feeding in concealed sites within L. salicaria growing tips. However, this behavior becomes less effective at high densities of G. calmariensis when many larvae occupy a tip, consume it rapidly, and then disperse, becoming exposed to predation.
In this study, we report the results of Þeld surveys, laboratory predation tests, and a Þeld study designed to quantify the effects of indigenous predators on establishment of G. calmariensis in Michigan wetlands. Our objectives were to survey for potential predators of G. calmariensis, to determine maximum attack rates of common predators in the laboratory under increasingly realistic conditions, and to assess the potential for biotic interference to limit the establishment of G. calmariensis in the Þeld.
Materials and Methods

Field Survey
Field surveys to identify indigenous predators in purple loosestrife stands were conducted biweekly from 15 May 1998 to 30 June 1998 during the period of peak Galerucella oviposition and juvenile activity at two locations in Ingham County, Michigan: Lake Lansing Park North and the United States Department of Agriculture Avian Disease and Oncology Laboratory on the campus of Michigan State University. At each location, three transects 10 m apart were established, extending into the wetland. Each transect contained three 1-m 2 quadrats located at 5, 10, and 15 m from the wetland-upland boundary and a line of three pitfall traps (12 cm diameter ϫ 16-cm tall cups) in a 2-m-long line perpendicular to each transect at 7.5 and 12.5 m. One-minute timed counts of arthropod predators occurring on foliage or the ground inside the 1-m 2 quadrats were conducted biweekly. Pitfall traps did not contain killing solution and were used to survey for ground or night active predators. Pitfall traps were emptied daily for consecutive 3 days each sample week.
Level I Predator Testing
The most abundant predator species found in L. salicaria stands were collected at these two sites and other Þeld locations for laboratory testing. Predators were held for 24 h without food in plastic bags containing moistened paper towel at 24ЊC, 80% humidity, and 16:8 h (L:D). After the starvation period, predators were tested in 60 ϫ 15-mm petri dishes containing Þlter paper moistened with 0.2Ð 0.3 ml of dH 2 O. Numbers of individual predators tested ranged from 5 to 20 depending on availability (Table 1) , with control mortality assessed in an equal number of dishes held without predators. To assess egg predation, L. salicaria stems were provided to gravid female G. calmariensis in an oviposition cage for 24 h. Ten eggs (typically 1Ð2 egg masses) were carefully excised from the stems and placed in each petri dish with one predator. Petri dishes were stored in a sealed plastic container with a moistened paper towel and held under the conditions described above. After 24 h, the number of G. calmariensis eggs damaged or consumed was compared with a matching control dish containing eggs alone. Similar tests were also conducted for other G. calmariensis life stages (Þrst instars, second-third instars, and pupae), with each dish (N ϭ 5) containing Þve G. calmariensis of the appropriate stage. All life stages were held in petri dishes on moistened Þlter paper in the absence of foliage. After 24 h, the number injured or consumed was compared with the appropriate no- a Corrected % mortality ϭ (% mortality in predator dishes Ϫ % mortality in controls/100 Ϫ % mortality in controls) ϫ 100. Empty cells indicate predator and prey combination not tested. Numbers followed by asterisk are signiÞcantly different from their corresponding control (t test). *, P Յ0.05, **, P Յ 0.001.
b F. auricularia did not feed on the mature adults used in the test, but was observed to consume teneral adults.
predator control. Mean comparisons were conducted with t tests (SAS Institute 1995). Data are presented as percent mortality corrected for control mortality (Schneider-Orelli 1947) .
Level II Predator Testing
Predator species that preyed on G. calmariensis in level I testing were tested again in arenas designed to simulate more realistic environmental conditions. Numbers of individual predators tested ranged from 4 to 13 depending on availability (Table 2) , with control mortality assessed in an equal number of arenas held without predators. Predation on G. calmariensis larvae and pupae was assessed in 25.4-cm-diameter ϫ 8.9-cm-tall plastic arenas (Tri State Molded Plastics, Dixon, KY) each containing a 22-to 24-cm-tall L. salicaria stem held in a water-Þlled 22-ml plastic cup (Fill-Rite, Newark, NJ). The arena was Þlled with high-porosity soil-less potting mix (Michigan Peat Company, Houston, TX) to a depth of 4 cm. Five late second to early third instar G. calmariensis larvae were placed at random on each stem and given 30 min to settle. At this time, an individual predator was placed at the base of each stem. The entire stem was enclosed in a cage constructed of an inverted 2-liter plastic bottle with the spout end removed. Two 10 ϫ 10-cm squares cut midway on the bottle and covered with no-see-um netting (Balson Hercules Company, New York, NY) provided ventilation. The cage was fully embedded into the soil to prevent escape of predators. Arenas were placed in the incubator (described above) for 24 h, after which the number of larvae injured or absent was compared with the number of larvae in the no-predator control. To test for predation of G. calmariensis pupae, 50 g (wet weight from bag) of soil-less potting mix was saturated with 75 ml dH 2 O to give a total wet weight of 90 g and placed in each arena. Five pupae were placed in slight depressions in the soil Ϸ4 cm apart in a square pattern with one pupa at each corner and one in the center. The soil was covered with a 3-cm layer of sphagnum moss, and the test predator was placed on the sphagnum at the center of the arena. Controls were identical, but lacked the predator. Arenas were held for 24 h, then the number of pupae injured or absent was determined and compared with the control using t tests (SAS Institute 1995).
Field Predation Experiment
In late April 1999, 36 L. salicaria root crowns collected from the Þeld the previous fall were potted in 5-gallon pots, fertilized with 72 g of Osmocote 14:14:14 slow release fertilizer (J. Mollema and Son, Grand Rapids, MI), and placed in the greenhouse. When plants reached 40 Ð 45 cm in height (second-third week of May), stems were selectively removed to visually equalize leaf area among pots. Pots were covered with cages of no-see-um netting supported by wire tomato cages, and two, four, or eight gravid female G. calmariensis were placed in each pot for 24 h (12 pots for each female density). After 24 h, females were removed from pots, and the number of egg masses was recorded. Pots were then assigned to one of three densities according to the number of egg masses present. Extra egg masses were randomly removed with a razor blade to achieve densities of 2Ð3 masses (low), 5Ð 6 masses (medium), and 11Ð13 masses (high) per plant. Locations of remaining egg masses on the stems were marked by a dot of nontoxic typewriter correction ßuid as by Nechols et al. (1996) .
Pots were placed in a wetland in Jackson County, Michigan, which consisted of Ϸ65% L. salicaria, 10% Typha latifolia, 10% Carex spp., 10% Cornus spp., and 5% other species. The experiment was arranged in a generalized randomized block design blocked by three release dates. Within each block, half (N ϭ 6) of the pots were randomly assigned as caged (control), and the other half open (predator accessible), for a total of 12 pots in each block. Blocks were set up three days apart, on 20, 23, and 26 May. Blocks were separated from each other by 50 Ð100 m. In each block, the 12 pots were arranged 15 m apart and 15 m from any edge (woods, road, or neighboring blocks) with treatments randomly assigned within blocks; two treatment replications were present per block. Pots were buried until their rims were four inches above the water/soil level. Four 1-m 2 quadrats were placed in each block along two transects running between the three rows of pots for sampling insects present in each block. Forty-eight hours after placement in wetland, the number of egg masses missing or damaged was recorded and continued daily until neonate eclosion. Larval counts were conducted twice weekly until larvae reached the third instar, then pots were covered, removed from the wetlands, and brought to the lab, where adult emergence was recorded over the next 3 wk. The presence of predaceous arthropods in each block was estimated at each sample date by recording their presence on each test plant and by recording numbers present in eight 1-m 2 quadrats in each block. Egg removal data were arcsine transformed to meet the normality assumption of analysis of variance Corrected % mortality ϭ (% mortality in predator dishes Ϫ % mortality in controls/100 Ϫ % mortality in controls) ϫ 100. Empty cells indicate predator and prey combination not tested. Numbers followed by asterisk are signiÞcantly different from their corresponding control (t test).
* P Յ 0.05; ** , P Յ 0.001. b Predation was evident; however, poor recovery in corresponding controls resulted in no statistical signiÞcance.
(ANOVA) and analyzed using Proc GLM (SAS Institute 1995). Adult recovery data were square-root transformed to achieve normality and analyzed using ANOVA, and differences among caged and uncaged treatments and densities were contrasted using least square (LS) means (SAS Institute 1995). Voucher specimens for all experiments were deposited in the Michigan State University Department of Entomology Insect Collection.
Results
Field Surveys
The ground beetle Pterostichus melanarius Illiger (Coleoptera: Carabidae) was very abundant (Ͼ0. ; however, because our preliminary tests of spider predation on G. calmariensis larvae and pupae were negative, they were not tested further.
Level I Predator Testing
High levels of predation by C. maculata and F. auricularia were observed in the level I tests (Table 1) . C. maculata consumed 75%, and F. auricularia 67% of the G. calmariensis eggs presented in the petri dish assay. C. maculata consumed 85% of Þrst instars and 53% of late instars, whereas F. auricularia consumed 100% of Þrst instars and 85% of late instars. Only slight feeding damage to eggs by C. septempunctata and H. axyridis was noted. Interestingly, C. septempunctata crushed, but did not consume Þrst instars, causing 38% mortality, but did not signiÞcantly prey on other larval stages. H. axyridis consumed 100% of Þrst instars and 60% of second-third instars. P. maculiventris attacked late instars, resulting in 92% mortality. F. auricularia attacked 51% of G. calmariensis pupae, but did not prey on mature adults used in these tests. Pterostichus melanarius consumed 100% of Þrst instars and 76% of pupae.
Level II Predator Testing
Predator species that preyed on G. calmariensis in level I testing also preyed on them under level II conditions, in which they were forced to search a larger and more realistic environment. C. maculata, H. axyridis, C. septempunctata, F. auricularia, and P. melanarius all located and consumed second-third instars feeding on leaf tissue (Table 2) . Predation by C. maculata on later instar G. calmariensis reached 69% and H. axyridis 37%. F. auricularia consumed 68% of secondthird instars, and P. melanarius encountered and consumed 59% of second-third instars and 49% of pupae. We also observed F. auricularia consume pupae; however, the data are not reported because recovery of pupae in the corresponding control was poor and could not be accurately analyzed.
Field Experiment
Key generalist predators occurred at low densities The overall ANOVA for egg mass removal was not signiÞcant (ANOVA, F ϭ 1.32; df ϭ 7, 28; P ϭ 0.28). There were no signiÞcant effects of exclusion cage treatment (F ϭ 3.56; df ϭ 1, 28; P ϭ 0.07), initial egg densities (F ϭ 1.70; df ϭ 2, 28; P ϭ 0.20), or interactions of cage and egg mass density (F ϭ 0.43; df ϭ 2, 28; P ϭ 0.66) on egg mass removal. Among open treatments, total egg mass removal was 0.63 Ϯ 0.37, 1.63 Ϯ 0 0.94, and 1.16 Ϯ 0.67 at the low, medium, and high initial egg mass densities, respectively. Among caged pots, egg mass removal was 0, 0.67 Ϯ 0.38 and 0.33 Ϯ 0.19 at the low, medium, and high initial egg mass densities, respectively.
Larval count data were not analyzed because numbers varied greatly from sample to sample stemming from difÞculty in consistently locating larvae under Þeld conditions. Adult emergence counts indicated signiÞcant cage treatment (F ϭ 9.27; df ϭ 1, 28; P ϭ 0.005) and egg density effects (F ϭ 11.70; df ϭ 2, 28; P ϭ 0.0002), with no signiÞcant interaction or block effects. In all cases, adult recovery was higher in caged versus open treatments (Table 3) . Mean comparisons of adult recovery within initial egg density levels show no signiÞcant effect of cage treatment at low or high egg density, but at medium egg density caged treatments produced signiÞcantly more G. calmariensis adults (LS means, ␣ ϭ 0.05). At both medium and high egg densities, adult emergence in caged treatments was nearly three times greater than in open treatments. b Means within a row followed by the same letter are not signiÞ-cantly different at ␣ ϭ 0.05 (LS means).
Discussion
For an herbivore to be an effective weed biological control agent, it must be able to disperse and establish viable populations in new host patches beyond those in which it was initially released. These populations must then be able to increase and cause damage to the target weed (Goeden and André s 1999) . Grevstad and Herzig (1997) demonstrated that G. calmariensis effectively located new host patches and were able to locate conspeciÞcs within these patches, increasing opportunity for mating. We were interested in determining whether biotic interference, primarily from generalist predators, would prevent establishment of such founder populations. Field surveys in two Michigan wetlands revealed a small complex of generalist predators that were considered likely to prey on G. calmariensis. Subsequent testing of the six most abundant predators demonstrated that all attacked at least one immature life stage of G. calmariensis in both highly simpliÞed and more complex bioassay arenas. An interesting Þnding in these tests was the failure of the European native lady beetle, C. septempunctata, to cause signiÞcant mortality to G. calmariensis. On several occasions, we presented neonate G. calmariensis to adult C. septempunctata. The adults would crush, but immediately drop the larvae and spend up to several minutes extensively preening their mouthparts. Subsequent offers of larvae were generally refused, perhaps indicating the presence of an effective feeding deterrent. Alternatively, two other predators of European origin, P. melanarius and F. auricularia, readily consumed G. calmariensis.
In the Þeld study, predation of G. calmariensis egg masses was limited (10 Ð27%), and adults successfully emerged from all treatments, indicating that biotic interference was probably not an important factor limiting initial establishment at this site. A relatively low abundance of generalist predators probably contributed to this result, but appears to reßect typical early season predator densities in similar wetlands. Nechols et al. (1996) reported similar levels of egg predation on G. nymphae during the early season (MayÐJune) in central New York state. While we did not detect an impact of biotic interference on initial establishment, we did Þnd evidence that predation limits population growth of G. calmariensis. Final emergence of adult G. calmariensis was not signiÞ-cantly affected by cage treatment at the lowest initial egg mass density. However, at medium initial egg densities, signiÞcantly more adults emerged in caged versus open treatments, suggesting an effect of predation. While not statistically signiÞcant, adult survivorship in the high density treatment was also ϳ3-fold higher in caged treatments. This pattern is consistent with our earlier Þndings that G. calmariensis predator avoidance behaviors are more effective at low larval densities (Sebolt and Landis 2002) , and suggests that as a result, low density colonizing populations may experience less biotic interference than populations producing higher egg mass densities. Such a pattern would act to slow population growth, but not prevent it. This is consistent with observations that after initial release, G. calmariensis typically take 3Ð5 yr to reach levels that signiÞcantly damage L. salicaria (Landis et al. 2003) .
While a complex of generalist predators was present in the wetland we studied, they occurred at low densities, and the high rates of predation exhibited in the laboratory studies were not reßected in the Þeld study. It is not uncommon to Þnd higher predator attack rates in lab versus Þeld studies (Luck et al. 1988) . For example, laboratory analyses of P. maculiventris (Say) (Heteroptera: Pentatomidae) functional responses did not reßect attack rates in the Þeld (OÕNeil 1989) . Subsequent research on P. maculiventris demonstrated that prey densities in laboratory studies were artiÞcially high and total handling times increased with increasing prey density, while in the Þeld both attack rates and handling time were low (Wiedenmann and OÕNeil 1991, OÕNeil 1997) . Previous studies have suggested that laboratory studies can artiÞcially increase predator efÞciency because of simpliÞed substrate architecture or the absence of interference by other predators (Wells and McPherson 1999) . Finally, in our Þeld study, the presence of aphids on plants other than L. salicaria may have served as an alternative or preferred prey for these generalist predators, resulting in reduced predation on G. calmariensis. The presence of alternate prey may reduce the efÞciency of generalist predators by increasing handling time or causing predators to move to locations holding preferred prey (Wells and McPherson 1999, Feng et al. 1992) .
Ultimately, population increase by Galerucella also depends on the response of existing predator communities to the presence of a new prey source. For biotic interference to affect the stability of Galerucella populations in the Þeld, it is likely that predator abundance would need to be greater than that encountered during this experiment. That increased predation may occur in some wetlands is suggested by Wiebe (2001) , who reported that predation accounted for 25% of Galerucella Þrst generation egg mortality and 42% of second generation mortality. During both years of the Iowa study, larval predation reached 50% in both generations, resulting in a 50% reduction in L. salicaria defoliation.
We conclude that several common generalist predators that occur in L. salicaria-infested wetlands have the ability to consume large numbers of G. calmariensis, but found no evidence that such biotic interference limited the establishment of G. calmariensis in the wetland that we studied. Alternatively, we did Þnd that biotic interference slowed population increase of G. calmariensis by up to 3-fold over populations in which predators were excluded. Observations that some wetlands are consistently slow to develop large Galerucella populations (Landis et al. 2003, Wiebe and Obrycki 2002) suggest that predation may play a role in this situation. Studies that address the inßuence of wetland plant community structure and ßooding regimes on predator communities and alternative prey abundance are needed to further understand the po-tential impact of biotic interference on G. calmariensis.
